Hypothyroidism results in decreased urinary excretion of folates leading to enhanced tissue retention of folates. The proportion of polyglutamylfolates, which are better retained by tissues, is elevated in liver, blood, and bone marrow of hypothyroid rats. The hypothyroid condition is discussed in the light of the enhanced proportion of polyglutamylfolate cofactors and increased in vivo oxidation of histidine possibly resulting in under-utilization of one-carbon units of the folate pool leading to a decrease in weight gain.
Metabolism of folic acid and vitamin B12 is enhanced by hypothyroidism as evidenced by the increased in vivo oxidation of [2-14C] histidine to 14C02 and decreased excretion of formiminoglutamic acid [1] , a metabolite of histidine with the 2-carbon of histidine forming the formimino-group; formiminoglutamic acid is metabolized through the folate one-carbon [1-C] pool after conversion to formiminotetrahydrofolate. The 1-C groups of folate pool, which are freely interconvertible, are utilized in various biosynthetic reactions; the excess 1-C units are oxidized to CO2 via the 10-formyltetrahydrofolate: NADP oxidoreductase [2] . In hypothyroidism the proportion of nonmethyltetrahydrofolates is increased in liver [1, 3] , and urinary excretion of methylmalonic acid is decreased [4] ; the disorder also results in increased hepatic folate and vitamin B12 content [4, 5] and altered levels of various folate-metabolizing enzymes [3, 6] .
Folylpolyglutamates are more active than monoglutamate as cofactors in various folate-mediated reactions [7] and have a special function in the reactions *To whom correspondence should be addressed .
catalyzed by the bifunctional enzyme formiminotransferase/cyclodeaminase in that they permit channeling of the reaction intermediates, which increases overall enzyme efficiency [8] . There is also evidence that differences in polyglutamyl chain length in different tissues may reflect specific chain-length requirements for certain functions and that varying the chain length may play a regulatory role [9] . Improved vitamin B12 status associated with hypothyroidism [4, 5] may augment the availability of nonmethyltetrahydrofolates, which are suitable substrates for synthesis of the polyglutamylfolates that are efficiently retained by the tissues [10] . Hypothyroidism causes an increase in the levels of the folate-metabolizing enzymes formiminotransferase, methylenetetrahydrofolate dehydrogenase, and serine hydroxymethyl transferase [11] as well as methionine synthase and methionine adenosyl transferase [12] . Our experiments were aimed at evaluating whether the hypothyroid state results in enhancement of tissue polyglutamylfolates; urinary loss of folates was also determined as this could be inversely proportional to their tissue retention.
MATERIALS AND METHODS
Male weaning rats of the Wistar strain of initial weight 50 to 60 g, were housed, two per cage, in screen-bottomed aluminum cages. The animals were fed a natural diet containing wheat, 70%; Bengal gram, 20%; yeast powder, 4%; fish meal, 5%; shark liver oil, 0.25%; and sesame oil, 0.75%. This diet contains 2.0 mg of total folate (Lactobacillus easei ATCC 7469 activity) per kg and has a methionine content of 0.2%, derived mainly from the wheat and Bengal gram. In order to induce hypothyroidism, thiouracil (Sigma Chemical Co., St.Louis, MO) was included at a level of 1 g per kg in the relevant diet [3] .
L-[2-14C] Histidine was obtained from Centre a D'etudes Nucleaires De Saclay, Cedex, France. "Folic acid casei medium" was obtained from Hi-Media Laboratories, Bombay, India. All other chemicals used were of analytical grade obtained commercially.
The animals were fed ad libitum the respective diets for 4 weeks after which 24-h urine collections were made. The animals were placed individually in metabolic cages and the urines were collected into tubes containing 2 ml of 10% ascorbate (pH 6.0); urine samples were filtered through glass wool and made up to 20 ml with water. The excreted folates were extracted at 75°C in a boiling water bath for 30 min, cooled, and centrifuged; and the supernatant was then assayed for its folate content.
In vivo histidine oxidation was measured after injection (i.p.) of [ 2-14C ]-histidine (specific activity, 0.27 ,u Ci/mmol) at a dose of 1 u mol histidine per g body weight by measurement of the trapped '4C02 exhaled for 2 h according to the method of Stokstad and Nair [4] .
The animals were sacrificed, and blood was collected from the portal vein into a heparinized syringe and immediately mixed with an equal volume of 1 % ascor-bate (pH 6.0). Folates were extracted at 70°C for 30 min, and the mixture was then cooled to room temperature and centrifuged (1,000 X g for 15 min in a clinical centrifuge). The supernatant obtained was used for the folate assay. A weighed aliquot of the liver was homogenized in 10 volumes of 1 % ascorbate (pH 6.0) and folates were extracted as described above and assayed.
Bone marrow from the hind limb bones was flushed with 1 % ascorbate into a test tube and homogenized with a homogenizer pestle; an aliquot was set aside for protein estimation and the remaining portion was extracted for the folate assay as described above.
Folates were assayed with Lactobacillus casei used as the test organism before and after digestion with partially purified conjugase from chicken liver as described earlier [13] . Synthetic N5-formyltetrahydrofolate (calcium salt) after correction for inactive isomer served as the reference standard.
RESULTS AND DISCUSSION Table 1 shows that urinary folates were decreased significantly in hypothyroid animals, the levels excreted being only one-third of that excreted by the normal rat (after correction for body weight). Total folates in the whole blood and liver increased significantly (p <0.05 for both) in hypothyroidism, whereas the increase in bone marrow total folate was not significant (p>0.6). The observed decrease in weight of the hypothyroid animals is consistent with earlier reports [3, 14] . Free folates (Lactobacillus casei activity prior to conjugase digestion) is taken as a measure of mono-, di-, and triglutamyl pteroates; total folates (Lactobacillus casei activity after conjugase digestion) comprises free folates as well as longer polyglutamyl pteroates now digested to simpler free-folate forms [15, 16] . The differ- Table 1 . Total folate levels in urine and tissues of normal and hypothyroid rats.
Values represent mean of six animals in each group±SEM. (Table 2) indicate that in hypothyroidism the proportion of free folates is decreased as reflected by the increase in the percentage of polyglutamylfolates not only in the whole blood and liver but also in the bone marrow. The 35.4% increase in polyglutamylfolates accounts for almost all the increase in total folates in whole blood. The 47.6% increase in hepatic polyglutamylfolates is more than the increase (31.7%) in total folates. In bone marrow, although there was no significant change in total folate content (Table 1) , the percentage of polyglutamates was enhanced ( Table 2 ). This suggests a redistribution of various forms of folate cofactors consequent to the development of hypothyroidism.
The percentage of [2-14C] histidine oxidized in vivo to 14002 was markedly increased (Table 2) in the hypothyroid rats, indicating a significantly enhanced turnover of one-carbon groups through the folate pool. This is in concurrence with the observed increase in the proportion of more active polyglutamylfolate cofactors in the liver, blood, and bone marrow ( Table 2 ). Thyroid hormone deficiency adversely affects synthesis of nucleic acids and proteins [17] and also the enzymes involved in the de novo synthesis of nucleic acid precursors [14] . It is quite possible that hypothyroidism presents a situation where one-carbon units of the folate pool are under-utilized for tissue growth and are excessively metabolized to CO2 via 10-formyltetrahydrofolate: NADP oxidoreductase [2] . Chan and Stokstad [1] had earlier shown that hyperthyroidism decreased histidine oxidation and increased urinary excretion of formiminoglutamic acid.
Hypothyroidism results in increased levels of hepatic S-adenosylmethionine [5] , which inhibits methylenetetrahydrofolate reductase [18] , the enzyme that commits the one-carbon units of folate pool to the synthesis of methionine and further methylation reactions of the transmethylation pathway. The inhibition of this enzyme would lead to the accumulation of nonmethyltetrahydrofolates resulting in the enhancement of in vivo oxidation of [2-14C]histidine (Table 2) . Nonmethyltetrahydrofolates, which are increased in hypothyroidism [ I ] , are the cofactors for various folate-mediated reactions [7] and are the preferred substrates for the synthesis of folylpolyglutamates [7, 19] , which are better retained by the tissues [10] . Thus, enhancement of the proportion of higher polyglutamates brought about by hypothyroidism results in increased tissue retention and decreased urinary excretion of folates.
